Introduction
============

According to Globocan 2012, there were about 952,000 new cases of gastric cancer in the world in 2012, accounting for 6.8% of all cancer diagnoses and making it the fifth-most-common malignancy globally after lung, breast, colorectum, and prostate cancer.[@b1-dddt-9-487] The highest mortality rate for gastric cancer was in East Asia, at 24 per 100,000 in men and 9.8 per 100,000 in women; the lowest mortality rate was in North America.[@b1-dddt-9-487] According to the Ministry of Health in the People's Republic of China, the mortality rate for gastric cancer in that country was in third place behind cancers of the lung and liver, with 24.71 per 100,000 in 2004--2005.[@b2-dddt-9-487] Gastric cancer accounts for 8.8% of the cancer-related deaths in the People's Republic of China. Surgery is the primary therapy for gastric cancer, but the prognosis is still quite unsatisfactory, with a 5-year overall survival rate of less than 30%.[@b3-dddt-9-487] Although recent studies have demonstrated that combined-modality therapy based on surgery contributes to ameliorating mortality, the optimal tailored treatment for high-risk patients remains elusive.[@b4-dddt-9-487] At present, no effective treatment is available for gastric cancer. Therefore, there is an urgent need to develop mechanism-based, effective, pharmacologically safe agents, preferably of dietary origin, to prevent and treat gastric cancer.

The Aurora kinases (A, B, and C) belong to a family of oncogenic serine/threonine kinases that play a key role in proper mitotic execution.[@b5-dddt-9-487] Aurora kinase A (AURKA), the most well-characterized member of Aurora kinase family, is essential for centrosome function and maturation, spindle assembly, chromosome segregation, and mitotic entry.[@b6-dddt-9-487] Inhibition of AURKA by specific small-molecule inhibitors or knockdown of *AURKA* by small-RNA interference causes abnormal spindle formation, mitotic defects, senescence, and cell death.[@b7-dddt-9-487],[@b8-dddt-9-487] Abnormalities of the activities and expression of AURKA have been implicated in cancer development, progression, and metastasis.[@b9-dddt-9-487] AURKA amplification and overexpression frequently occur in upper gastrointestinal adenocarcinomas as well as several other malignancies.[@b10-dddt-9-487] *AURKA* acts as an oncogene resulting in genetic instability, dedifferentiated morphology, and a poor prognosis in patients with upper gastrointestinal adenocarcinoma.[@b11-dddt-9-487] The overexpression of AURKA promotes cancer cell growth and resistance to chemotherapy by upregulating oncogenic signaling pathways and suppressing cell-death mechanisms.[@b9-dddt-9-487] Several studies have shown that AURKA overexpression promotes drug resistance and tumor recurrence,[@b12-dddt-9-487] and induces growth-promoting and survival-promoting oncogenic signaling pathways, such as the phosphoinsitide 3-kinase (PI3K)/protein kinase B (Akt) and β-catenin signaling pathways.[@b9-dddt-9-487] This suggests that AURKA could serve as a therapeutic target for cancer treatment.

Alisertib (ALS, MLN8237, [Figure 1A](#f1-dddt-9-487){ref-type="fig"}) is an investigational, orally available, and selective small-molecule AURKA inhibitor.[@b13-dddt-9-487] ALS has the ability to selectively inhibit AURKA and thereby induces cell-cycle arrest, aneuploidy, polyploidy, mitotic catastrophe, and cell death.[@b8-dddt-9-487],[@b10-dddt-9-487] In preclinical studies, ALS exhibited potent AURKA inhibition and high antitumor activity in a wide range of tumor cells.[@b14-dddt-9-487] However, there is a lack of evidence for the anticancer effect of ALS in gastric cancer. In this present study, in order to explore the anticancer effect of ALS in gastric cancer, we examined the proapoptotic and proautophagic effects of ALS on AGS and NCI-N78 cells and the potential mechanisms.

Materials and methods
=====================

Chemicals and reagents
----------------------

Fetal bovine serum (FBS), Dulbecco's phosphate buffered saline (PBS), thiazolyl blue tetrazolium bromide (MTT), RNase A, and propidium iodide (PI) were purchased from Sigma-Aldrich Inc (St Louis, MO, USA). Dulbecco's Modified Eagle's Medium (DMEM) and RPMI-1640 medium were obtained from Corning Cellgro Inc (Herndon, VA, USA). SB202190 (4-\[4-fluorophenyl\]-2-\[4-hydroxyphenyl\]-5-\[4-pyridyl\]1*H*-imidazole, a selective inhibitor of p38 mitogen-activated protein kinase \[MAPK\] used as an autophagy inducer) and wortmannin (WM, a potent, irreversible, and selective PI3K inhibitor and a blocker of autophagosome formation) were purchased from Invivogen Inc (San Diego, CA, USA). Phenol red-free culture medium and 4,6-diamidino-2-phenylindole were bought from Invitrogen (Carlsbad, CA, USA). The annexin V: phycoerythrin (PE) apoptosis detection kit was purchased from BD Biosciences (San Jose, CA, USA). The Cyto-ID^®^ autophagy detection kit was obtained from Enzo Life Sciences Inc (Farmingdale, NY, USA). The Pierce bicinchoninic acid (BCA) protein assay kit, skim milk, and Western blot substrate were purchased from Thermo Scientific (Waltham, MA, USA). Polyvinylidene difluoride membrane was purchased from EMD Millipore (Bedford, MA, USA). Primary antibodies against human p21 Waf1/Cip1, p27 Kip1, p53, cyclin B1, cyclin-dependent kinase 1(CDK1/cell division cycle protein 2 homologue \[CDC2\]/CDKN1), the p53 upregulated modulator of apoptosis (PUMA), B-cell lymphoma 2 (Bcl-2), Bcl-2-like protein 4/Bcl-2-associated X protein (Bax), B-cell lymphoma-extra-large (Bcl-xl), cytochrome c, cleaved caspase 9, cleaved caspase 3, p38 MAPK, phosphorylated (p-) p38 MAPK at Thr180/Tyr182, 5′-adenosine monophosphate-activated protein kinase (AMPK), p-AMPK at Thr172, Akt, p-Akt at Ser473, mammalian target of rapamycin (mTOR), p-mTOR at Ser2448, PI3K, p-PI3K/p85 at Tyr458, AURKA, p-AURKA at Thr288, phosphatase and tensin homolog (PTEN), beclin1, microtubule-associated protein 1A/1B-light chain 3 (LC3)-I, and LC3-II were all purchased from Cell Signaling Technology Inc (Beverly, MA, USA). The antibody against human β-actin was obtained from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA).

Cell lines and cell culture
---------------------------

The AGS and NCI-N78 cell lines are the most common human gastric adenocarcinoma cell lines and are widely used for the investigation of cancer cell-killing effect and underlying mechanisms of new compounds in anti-gastric-cancer drug development. The AGS cell line was derived from the fragments of a tumor resected from a patient who had received no prior therapy. It is a hyperdiploid cell line. The modal chromosome number was 49, occurring in 60% of cells. The percentage of polyploidy was 3.6%.[@b15-dddt-9-487] The NCI-N78 cell line was derived from metastatic site of liver. It is a near-diploid cell line and double minutes were present in 64% of cells examined.[@b16-dddt-9-487] The two cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM (AGS cells) and RPMI-1640 medium (NCI-N78 cells) supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. The cells were maintained in a 5% CO~2~/95% air humidified incubator at 37°C. ALS was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 50 mM and was freshly diluted to the desired concentration with culture medium. The final concentration of DMSO was at 0.05% (v/v). The control cells received the vehicle only.

Cell viability assay
--------------------

The MTT assay was performed to examine the effect of ALB on cell viability as previously described.[@b17-dddt-9-487],[@b18-dddt-9-487] Briefly, AGS and NCI-N78 cells were seeded into a 96-well culture plate at a density of 8,000 cells/well. After 24-hour incubation, the cells were treated with ALS at concentrations ranging from 0.1--25 μM for 24 hours at a volume of 100 μL medium. Following the drug treatment, 10 μL of MTT stock solution (5 mg/mL) was added to each well and incubated for 2--4 hours. Then, the medium was carefully removed and 100 μL DMSO was added into each well. The plate was placed on a rocker to mix the solution thoroughly for 30 seconds and incubated at 37°C for 10 minutes. The absorbance was measured using a Synergy H4 Hybrid microplate reader (BioTek Inc, Winooski, VT, USA) at a wavelength of 450 nm. The concentration required for 50% inhibition of growth was determined from concentration--response curves obtained in multireplicated experiments by nonlinear regression analysis using GraphPad Prism 6 software (San Diego, CA, USA). The experiment was performed at least three times.

Cell-cycle distribution analysis
--------------------------------

The effect of ALS on cell-cycle distribution of AGS and NCI-N78 cells was examined using flow cytometry as previously described.[@b18-dddt-9-487] Briefly, AGS and NCI-N78 cells were treated with ALS at concentrations of 0.1 μM, 1 μM, and 5 μM for 24 hours. In separate experiments, AGS and NCI-N78 cells were treated with 5 μM ALS for 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours. After cells were treated with ALS, cells were trypsinized and fixed in 70% ethanol at −20°C overnight. Following the fixation, cells were collected and resuspended in 1 mL of PBS containing 1 mg/mL RNase A and 50 μM/mL PI. Then, cells were incubated in the dark for 30 minutes at room temperature. A total number of 1×10^4^ cells were subject to cell-cycle analysis using a flow cytometer (Becton Dickinson Immunocytometry Systems; San Jose, CA, USA).

Quantification of cellular apoptosis
------------------------------------

The effects of ALS on the apoptosis of AGS and NCI-N78 cells were quantitated using the annexin V: PE apoptosis detection kit according to the manufacturer's instruction. Annexin V is a 35--36 kDa Ca^2+^-dependent phospholipid-binding protein that has a high affinity for negatively charged phospholipid phosphatidylserine and binds to cells that are actively undergoing apoptosis with exposed phospholipid phosphatidylserine.[@b19-dddt-9-487] Cells were treated with ALS at concentrations of 0.1 μM, 1 μM, and 5 μM for 24 hours, and then cells were trypsinized and washed twice with cold PBS. Subsequently, cells were resuspended at a concentration of 1×10^6^/mL cells in 1× binding buffer (BD Biosciences). A quota of cell suspension (100 μL) was transferred into a 5 mL clean tube and incubated with 5 μL PE annexin V and 5 μL 7-amino-actinomycin D (a vital nucleic acid dye) in the dark for 15 minutes at room temperature. A quota of 1× binding buffer (400 μL) was then added to each tube and the number of apoptotic cells was quantified using a flow cytometer within 1 hour. Cells that stain positive for PE and annexin V and negative for 7-amino-actinomycin D are undergoing apoptosis; cells that stain positive for PE, annexin V, and 7-amino-actinomycin D are either in the end stage of apoptosis, are undergoing necrosis, or are already dead; and cells that stain negative for PE annexin V and 7-amino-actinomycin D are alive and not undergoing measurable apoptosis.

Determination of cellular autophagy
-----------------------------------

To determine the effect of ALS on autophagy in AGS and NCI-N78 cells, the intracellular autophagy level was examined using flow cytometry as previous described.[@b17-dddt-9-487],[@b18-dddt-9-487] Briefly, the cells were treated with fresh medium alone, control vehicle alone (0.05% DMSO, v/v), or ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours. After 24 hours of incubation, the cells were trypsinized and collected with 1× assay buffer containing 5% FBS. Cells were resuspended in 250 μL of phenol red-free culture medium containing 5% FBS, and 250 μL of the diluted Cyto-ID^®^ Green stain solution was added to each sample and mixed well. Cells were incubated for 30 minutes at 37°C in the dark. Following the incubation, cells were collected by centrifugation at 250× *g* for 3 minutes and washed with 1× assay buffer. Subsequently, the cells were resuspended in 500 μL fresh 1× assay buffer containing 5% FBS and subject to flow cytometric analysis within 1 hour. Cells were analyzed using the green (FL1) channel of a flow cytometer.

Confocal fluorescence microscopy
--------------------------------

Confocal fluorescence microscopy was performed to further examine the cellular autophagy level and the mechanisms for ALS-induced autophagy in AGS and NCI-N78 cells using a Cyto-ID^®^ autophagy detection kit according to the manufacturer's instruction. The kit was used to measure cellular autophagic vacuoles and autophagic flux using a novel dye that selectively labels autophagic vacuoles. The assay provides a rapid and quantitative approach to monitoring autophagy in live cells without the need for cell transfection and allows the measurement and differentiation between autophagic flux and autophagolysosome accumulation.[@b20-dddt-9-487] Briefly, AGS and NCI-N78 cells were seeded into an 8-well chamber slide at 30% confluence for 24 hours. Then, the cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours. In separate experiments, to investigate the mechanisms for ALS-induced autophagy, cells were pretreated with 10 μM WM (a PI3K inhibitor and autophagy blocker) or 10 μM SB202190 (a selective inhibitor of p38 MAPK used as an autophagy inducer), then co-treated with 5 μM ALS for a further 24 hours. After the ALS treatment, cells were washed by 1× assay buffer and incubated with 100 μL of microscopy dual detection reagent for 30 minutes at 37°C in the dark. Following the incubation, cells were washed with 1× assay buffer to remove detection reagent and maintained in 200 μL fresh 1× assay buffer containing 5% FBS. The cells were examined using a Leica TCS SP2 laser scanning confocal microscopy (Wetzlar, Germany) using a standard fluorescein isothiocyanate filter set for imaging the autophagic signal at wavelengths of 405/488 nm.

Western blot analysis
---------------------

The expression levels of various cellular proteins related to cell cycle, apoptosis, and autophagy were determined using Western blot assays. AGS and NCI-N78 cells were washed with PBS after 24-hour treatment with ALS at 0.1 μM, 1 μM, and 5 μM, lysed on ice with lysis buffer -- 50 mmol 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) at pH 7.5, 150 mmol NaCl, 10% glycerol, 1.5 mmol MgCl~2~, 1% Triton-X 100, 1 mmol ethylenediaminetetraacetic acid at pH 8.0, 10 mmol sodium pyrophosphate, 10 mmol sodium fluoride, phosphatase inhibitor cocktail, and protease inhibitor cocktail -- and centrifuged at 3,000× *g* for 10 minutes at 4°C. The supernatant was collected and the protein concentrations were measured using a Pierce BCA protein assay kit. An equal amount of protein sample (30 μg) was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS--PAGE) sample loading buffer and electrophoresed on 7% or 12% SDS--PAGE minigel after thermal denaturation at 95°C for 5 minutes. Proteins were transferred onto polyvinylidene difluoride membrane at 200 mA for 3 hours at 4°C. Membranes were probed with indicated primary antibody overnight at 4°C and then blotted with appropriate horseradish peroxidase-conjugated secondary antimouse or antirabbit antibody. Visualization was performed using an enhanced chemiluminescence kit (Thermal Scientific) and the blots were analyzed using Image Lab 3.0 (BioRad, Hercules, CA, USA). Protein level was normalized to the matching densitometric value of the internal control β-actin.

Statistical analysis
--------------------

Data are presented as mean ± standard deviation (SD). Comparisons of multiple groups were evaluated by one-way analysis of variance followed by Tukey's multiple comparison procedure. Values of *P*\<0.05 were considered statistically different. Assays were performed at least three times independently.

Results
=======

ALS inhibits the proliferation of AGS and NCI-N78 cells
-------------------------------------------------------

To examine the effect of ALS on the viability of gastric cancer cell lines AGS and NCI-N78, we first tested the cell proliferation using the MTT assay. There was a concentration-dependent inhibition in the growth of AGS and NCI-N78 cells when cells were treated with ALS at concentrations ranging from 0.1--25 μM for 24 hours ([Figure 1B and C](#f1-dddt-9-487){ref-type="fig"}). When the cells were treated with ALS at concentrations of 0.1 μM, 0.5 μM, 2.5 μM, 10 μM, and 25 μM for 24 hours, the percentages of the viability of AGS cells were 88.7%, 75.0%, 58.4%, 60.0%, and 47.8%, respectively ([Figure 1B](#f1-dddt-9-487){ref-type="fig"}) and the percentages of the viability of NCI-N78 cells were 89.0%, 72.7%, 59.9%, 63.0%, and 49.48%, respectively ([Figure 1C](#f1-dddt-9-487){ref-type="fig"}). The 50% inhibition of growth values were 19.1 μM and 26.3 μM for AGS and NCI-N78 cells, respectively. These results demonstrate that ALS induces a concentration-dependent inhibition in the growth of AGS and NCI-N78 cells.

ALS downregulates the phosphorylation level of AURKA in AGS and NCI-N78 cells
-----------------------------------------------------------------------------

ALS is a selective inhibitor of AURKA that plays a critical role the cell mitosis. Since we examined the inhibitory effects of ALS on the viability of AGS and NCI-N78 cells, we further examined the effect of ALS on the phosphorylation of AURKA in AGS and NCI-N78 cells. Both cell lines were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours. As shown in [Figure 2A and B](#f2-dddt-9-487){ref-type="fig"}, the phosphorylation level of AURKA was significantly decreased in both cells. In comparison to the control cells, treatment of AGS cells with ALS at 0.1 μM, 1 μM, and 5 μM resulted in 76%, 67%, and 81% decreases in the ratio of p-AURKA/AURKA, respectively. There was an 83% reduction in the ratio of p-AURKA/AURKA in NCI-N78 cells treated with 1 μM ALS, compared to the control cells ([Figure 2A and B](#f2-dddt-9-487){ref-type="fig"}). The results showed that downregulation of the phosphorylation level of AURKA may contribute to cell-growth inhibition in these two cell lines.

ALS alters the cell-cycle distribution of AGS and NCI-N78 cells
---------------------------------------------------------------

We next examined the cell-cycle distribution of AGS and NCI-N78 cells treated with ALS using a flow cytometer. The data showed that ALS significantly induced cell-cycle arrest in G~2~/M phase in both cell lines ([Figure 3A and B](#f3-dddt-9-487){ref-type="fig"}). The percentages of AGS and NCI-N78 cells in G~2~/M phase were 31.8% and 19.7%, respectively, at the basal level. Compared to control cells, a concentration-dependent increase in the cell number in G~2~/M phase was observed after ALS treatment at 0.1 μM, 1 μM, and 5 μM for 24 hours. The percentages of AGS cells arrested in G~2~/M phase were 51.6%, 87%, and 86.4% when cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM, respectively ([Figure 3A and B](#f3-dddt-9-487){ref-type="fig"}); the percentages of NCI-N78 cells arrested in G~2~/M phase were 71.4%, 79.3%, and 74.4% when treated with ALS at 0.1 μM, 1 μM, and 5 μM, respectively ([Figure 3A and B](#f3-dddt-9-487){ref-type="fig"}). ALS treatment also decreased the percentages of cells in G~1~ phase in both cell lines compared to the control cells. The basal levels of cells in G~1~ phase for AGS and NCI-N78 cell lines were 56.5% and 74%, respectively. After the treatment of cells with ALS at 0.1 μM, 1 μM, and 5 μM, the percentages of AGS cells in G~1~ phase were 41.0%, 9.9%, and 10.4%, respectively, while the percentages of NCI-N78 cells in G~1~ phase were 21.4%, 15.4%, and 19.7%, respectively ([Figure 3A and B](#f3-dddt-9-487){ref-type="fig"}). There was no significant difference in the number of cells in S phase in both cell lines treated with ALS. Intriguingly, exposure of NCI-N78 cells to ALS at 0.1 μM, 1 μM, and 5 μM resulted in an accumulation of aneuploidy ([Figure 3A](#f3-dddt-9-487){ref-type="fig"}), which may be due to the interruption of the spindle assembly, chromosome segregation, and mitotic entry.

We did further experiments to evaluate the effect of ALS treatment at 1 μM on cell-cycle distribution in both cell lines over 72 hours ([Figure 4](#f4-dddt-9-487){ref-type="fig"}). For AGS cells, the percentages of cells at G~2~/M phase went from 27.7% at the basal level to 44.8%, 57.6%, 68.9%, 80.7%, 88.9%, and 85.4% after 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours, respectively ([Figure 4A and B](#f4-dddt-9-487){ref-type="fig"}). Compared to the control cells, the percentages of NCI-N78 cells at G~2~/M phase increased from 21.8% at the basal level to 41.5%, 69.9%, 69.4%, and 67.1% after treatments for 12 hours, 24 hours, 48 hours, and 72 hours, respectively ([Figure 4A and B](#f4-dddt-9-487){ref-type="fig"}). The percentages of AGS cells in G~1~/M phase went from 62.3% at the basal level to 39.6%, 31%, 21.2%, 10.9%, 7.53%, and 5.4% after 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours, respectively. There was a decrease in the percentages of NCI-N78 cells in G~1~ phase from 60.0% at the basal level to 36.1%, 16.7%, 17.0%, and 16.2% after treatments for 12 hours, 24 hours, 48 hours, and 72 hours, respectively ([Figure 4](#f4-dddt-9-487){ref-type="fig"}). These results indicate that ALS inhibits the growth of AGS and NCI-N78 cells.

ALS upregulates the expression of p53, p21 Waf1/Cip1, and p27 Kip1 and downregulates the expression of cyclin B1 and CDC2 in AGS and NCI-N78 cells
--------------------------------------------------------------------------------------------------------------------------------------------------

To study the mechanism for ALS-induced cell-cycle arrest in AGS and NCI-N78 cells, we examined the expression level of key regulators responsible for G~2~/M-phase checkpoints using the Western blot assay. Both cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours. In comparison to the control cells, the expression level of CDC2 was reduced 1.8-fold, 1.5-fold, and 1.6-fold when treated with ALS at concentrations of 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively, and the expression level of cyclin B1 was reduced 1.8-fold with 5 μM ALS for 24 hours in AGS cells ([Figure 5A and B](#f5-dddt-9-487){ref-type="fig"}). Similarly, the inhibitory effect on expression of CDC2 and cyclin B1 was observed in NCI-N78 cells. Compared to the control cells, the expression levels of CDC2 and cyclin B1 were significantly decreased 3.2-fold and 1.8-fold, respectively, in NCI-N78 cells treated with ALS at 0.1 μM for 24 hours ([Figure 5A and B](#f5-dddt-9-487){ref-type="fig"}). These results suggest that the inhibitory effect of ALS on cell growth could be partially ascribed to the downregulation of the expression of CDC2 and cyclin B1.

To further explore the molecular mechanism for the inducing effect of ALS on cell-cycle arrest, the expression levels of p21 Waf1/Cip1, p27 Kip1, and p53 in AGS and NCI-N78 cells treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours were evaluated using Western blot assay ([Figure 5A and B](#f5-dddt-9-487){ref-type="fig"}). The tumor-suppressor protein p21 Waf1/Cip1 acts as an inhibitor of cell-cycle progression, and it serves to inhibit kinase activity and block progression through G~1~/S in association with CDK2 complexes.[@b21-dddt-9-487] p53 is a tumor-suppressor protein that plays a major role in cellular response to DNA damage and other genomic aberrations. p53 is phosphorylated and upregulates p21 Waf1/Cip1 transcription via a p53-responsive element during cell-cycle stages.[@b22-dddt-9-487] p27 Kip1 is a member of the Cip/Kip family of cyclin-dependent kinase inhibitors and enforces the G~1~ restriction point via its inhibitory binding to CDK2/cyclin E and other CDK/cyclin complexes.[@b23-dddt-9-487] In comparison to control cells, the expression levels of p21 Waf1/Cip1 and p53 were increased in AGS cells when treated with ALS at 0.1 μM, 1 μM, and 5 μM. There were 2.5-fold, 2.9-fold, and 2.6-fold increases in the expression level of p21 Waf1/Cip1 and 1.3-fold, 1.6-fold, and 1.2-fold increases in the expression of p53. Incubation of AGS cells with ALS at 1 μM and 5 μM led to a 1.6-fold increase in the expression level of p27 (*P*\<0.05%, [Figure 5A and B](#f5-dddt-9-487){ref-type="fig"}). For NCI-N78 cells, there were 2.9-fold and 1.7-fold increases in the expression of p21 Waf1/Cip1 and p27 in NCI-N78 cells when treated with ALS at 1 μM and 5 μM, respectively, for 24 hours. The expression of p53 was also increased 2.1-fold and 2.5-fold when cells were treated with ALS at 1 μM and 5 μM, respectively, for 24 hours ([Figure 5A and B](#f5-dddt-9-487){ref-type="fig"}). These results suggest that ALS can upregulate the expression of p21 Waf1/Cip1, p27 Kip1, and p53 in both cell lines.

ALS induces the apoptosis of AGS and NCI-N78 cells via activation of mitochondria-dependent pathway
---------------------------------------------------------------------------------------------------

To test the killing effects of ALS on gastric cancer cells, we observed the apoptosis-inducing effect of ALS on AGS and NCI-N78 cells when the number of apoptotic cells was quantified by flow cytometry. Cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours; results are shown in [Figure 6A and B](#f6-dddt-9-487){ref-type="fig"}. The total percentage of apoptotic AGS cells (early + late apoptosis) was 4.5% at the basal level. When AGS cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours, the total percentages of apoptotic cells were 6.3%, 7.5%, and 10.9%, respectively. Compared to the control cells, there was a 2.4-fold increase in the total percentage of apoptotic AGS cells when treated 5 μM ALS (*P*\<0.01; [Figure 6A and B](#f6-dddt-9-487){ref-type="fig"}). The number of apoptotic NCI-N78 cells at the basal level was 5.4%. When NCI-N78 cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours, the total percentages of apoptotic cells (early + late apoptosis) were 6.2%, 7.7%, and 10.6 %, respectively. In comparison to the control cells, there were 1.4-fold and 2.0-fold increases in the total percentage of apoptotic NCI-N78 cells when treated with ALS at 1 μM and 5 μM, respectively (*P*\<0.05 or *P*\<0.001; [Figure 6A and B](#f6-dddt-9-487){ref-type="fig"}). The results clearly show that ALS induces apoptosis of both AGS and NCI-N78 cells in a concentration-dependent manner.

In order to reveal the possible mechanisms for the proapoptotic effect of ALS on AGS and NCI-N78 cells, we tested the effect of ALS treatment in these two cell lines by measuring the expression levels of the proapoptotic protein Bax and the antiapoptotic proteins Bcl-2 and Bcl-xl ([Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}). AGS and NCI-N78 cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours. The expression level of Bax was increased in the two cell lines (*P*\<0.05; [Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}). In comparison to the control cells, incubation of AGS and NCI-N78 cells with 5 μM ALS significantly increased Bax expression levels 1.3-fold and 1.8-fold, respectively (*P*\<0.05 or *P*\<0.001). However, there was a remarkable decline in the expression of antiapoptotic proteins Bcl-xl and Bcl-2 when AGS and NCI-N78 cells were treated with ALS. Compared to the control cells, the expression level of Bcl-xl was reduced 33.3% in AGS cells and 38.3% in NCI-N78 cells when cells were treated with 1 μM ALS for 24 hours. The expression level of Bcl-2 was decreased 55.9% in AGS cells and 47.8% in NCI-N78 cells when treated with 5 μM ALS ([Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}).

We observed a marked increase in the expression level of Bax but decrease in the expression levels of Bcl-xl and Bcl-2, resulting in a rise in the ratio of proapoptotic protein/antiapoptotic protein and shifting the balance to apoptotic status. Thus, we investigated the expression of other critical proapoptotic and antiapoptotic proteins in AGS and NCI-N78 cells. We examined the effect of ALS on the expression of PUMA, which plays an important role in the regulation of antiapoptotic proteins. The expression level of PUMA was significantly increased 3.8-fold and 3.2-fold in AGS cells when treated with 1 μM and 5 μM ALS, respectively, for 24 hours. Incubation of NCI-N78 cells with ALS at 1 μM and 5 μM increased the expression level of PUMA 2.3-fold and 2.7-fold, respectively ([Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}).

The effect of ALS treatment on the mitochondria-related apoptotic pathway was further examined in AGS and NCI-N78 cells. The release of cytochrome c from mitochondria to cytosol initiates the caspase-dependent apoptotic cascade.[@b24-dddt-9-487] The release of cytochrome c from the mitochondrial intermembrane space denotes the early event during apoptotic cell death. As such, we observed the effect of ALS treatment on the release of cytochrome c in both AGS and NCI-N78 cells. Treatment of AGS and NCI-N78 cells with ALS for 24 hours significantly increased the release of cytochrome c from mitochondria in concentration-dependent manner ([Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}). Subsequently, we observed a significant increase in the activation of caspases 9 and 3, which are two critical proteins in mitochondria-mediated apoptosis. Compared to the control cells, treatment of AGS and NCI-N78 cells with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours significantly increased the level of cleaved caspases 3 and 9 ([Figure 7A and B](#f7-dddt-9-487){ref-type="fig"}). These results indicate that ALS induces a significant activation of caspases 9 and 3 and eventually leads to apoptosis of both AGS and NCI-N78 cells.

ALS induces the autophagy of AGS and NCI-N78 cells in via inhibition of the PI3K/Akt/mTOR pathway
-------------------------------------------------------------------------------------------------

Since we observed ALS-induced apoptosis in AGS and NCI-N78 cells, we next examined the effects of ALS on the autophagy of AGS and NCI-N78 cells using flow cytometric analysis and confocal microscopic examination. The percentages of autophagic cells at the basal level were 1.4% and 4.7% for AGS and NCI-N78 cells, respectively ([Figure 8A and B](#f8-dddt-9-487){ref-type="fig"}). Incubation of both cell lines with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours significantly increased the percentages of autophagic cells in a concentration-dependent manner. Compared to the control cells, treatment of AGS cells with 0.1 μM, 1 μM, and 5 μM ALS for 24 hours resulted in 5.8-fold, 10-fold, and 11.1-fold increases, respectively, in the percentage of autophagic cells. For NCI-N78 cells, there were 2.8-fold, 4.2-fold, and 4.4-fold increases in the percentage of autophagic cells when treated with ALS at 0.1 μM, 1 μM, and 5 μM, respectively, compared to the control cells (*P*\<0.05; [Figure 8A and B](#f8-dddt-9-487){ref-type="fig"}).

We further observed the effect of ALS on autophagy in AGS and NCI-N78 cells using confocal microscopic examination. In comparison to the control cells, ALS treatment caused a significant increase in autophagy of AGS and NCI-N78 cells in a concentration-dependent manner ([Figure 9A and B](#f9-dddt-9-487){ref-type="fig"}). For AGS cells, there were 1.1-fold, 1.5-fold, and 1.7-fold increases in autophagy when treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours, respectively ([Figure 9A and B](#f9-dddt-9-487){ref-type="fig"}). For NCI-N78 cells, there were 1.9-fold, 3.0-fold, and 3.2-fold increases in autophagic death when treated with ALS at 0.1 μM, 1 μM, and 5 μM, respectively, for 24 hours ([Figure 9A and B](#f9-dddt-9-487){ref-type="fig"}). These results show that ALS induces autophagy in both AGS and NCI-N78 cells.

Next, we investigated the mechanisms for the autophagy-inducing effect of ALS in AGS and NCI-N78 cells. First, we examined the phosphorylation levels of PI3K at Tyr199, AMPK at Thr172, and p38 MAPK at Thr180/Tyr182, which are upstream signaling molecules of the Akt/mTOR pathway and play important roles in the regulation of cell survival and cell death.[@b25-dddt-9-487],[@b26-dddt-9-487] In this study, ALS significantly inhibited the phosphorylation of PI3K at Tyr199 in both cell lines, compared to the control cells. The ratio of p-PI3K/PI3K was significantly decreased by ALS treatment in AGS and NCI-N78 cells compared to the control cells. The p-PI3K/PI3K ratios were decreased 48% and 51% when AGS cells were treated with ALS at 1 μM and 5 μM, respectively (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). In NCI-N78 cells, 1 μM ALS decreased the ratio of p-PI3K/PI3K 55% compared to the control cells (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}).

We further evaluated the effect of ALS on the phosphorylation of Akt at Ser473 and mTOR at Ser2448 and the expression of PTEN in AGS and NCI-N78 cells ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Akt is involved in the regulation of various downstream signaling pathways, including metabolism, cell proliferation, survival, growth, and angiogenesis.[@b27-dddt-9-487] As a downstream effector of PI3K, Akt can activate mTOR, while mTORC2 phosphorylates Akt at Ser473, which stimulates Akt phosphorylation at Thr308 by 3-phosphoinositide--dependent protein kinase-1 and leads to full Akt activation.[@b27-dddt-9-487] mTOR plays a key role in cell growth, autophagic cell death, and homeostasis.[@b28-dddt-9-487] mTOR is phosphorylated at Ser2448 via the PI3K/Akt signaling pathway and autophosphorylated at Ser2481.[@b28-dddt-9-487] mTOR inhibition promotes dissociation of mTOR from the complex of autophagy-related protein (Atg)13 with unc-51--like kinase (ULK)1 and ULK2, thus releasing ULK1/2 to activate focal adhesion kinase family interacting protein of 200 kD, a protein critical for autophagosome formation and autophagy initiation.[@b28-dddt-9-487] *PTEN*, a dual-specificity phosphatase and tumor suppressor gene, inhibits Akt/mTOR and MAPK signaling, leading to cell death.[@b29-dddt-9-487] In comparison to the control cells, the phosphorylation level of Akt at Ser473 was decreased in AGS and NCI-N78 cells with the treatment of ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). There was no significant alteration in the expression of total Akt in both cell lines. The ratio of p-Akt/Akt was significantly decreased in both cell lines treated with ALS. In AGS cells, the ratio of p-Akt/Akt was decreased 48% and 53% with the treatment of AGS at 1 μM and 5 μM, respectively ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). In NCI-N78 cells, the ratio of p-Akt/Akt was decreased 39% when cells were treated with ALS at 1 μM for 24 hours, compared to controls.

In addition, the expression level of PTEN was significantly increased when AGS and NCI-N78 cells were treated with ALS for 24 hours (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Exposure of AGS and NCI-N78 cells to ALS at 0.1 μM, 1 μM, and 5 μM resulted in a decrease in the phosphorylation level of mTOR at Ser2448. There was no significant change in the expression of total mTOR in both cell lines when treated with ALS for 24 hours. However, a significant decrease in the ratio of p-mTOR/mTOR was observed in both cell lines. In AGS cells, the ratio of p-mTOR/mTOR was decreased by 55% with treatment of ALS at 5 μM ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). In NCI-N78 cells, the ratio of p-mTOR/mTOR was decreased by 34% when treated with 1 μM ALS ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}).

AMPK is a heterotrimeric complex composed of a catalytic α subunit and regulatory β and γ subunits, playing a key role in the regulation of energy homeostasis, cell survival, and cell death.[@b30-dddt-9-487] Under certain circumstances, AMPK promotes autophagy by directly activating ULK1, a homologue of yeast Atg1, through phosphorylation of Ser317 and Ser777,[@b31-dddt-9-487] and high mTOR activity prevents ULK1 activation by phosphorylating ULK1 Ser757 and disrupting the interaction between ULK1 and AMPK.[@b31-dddt-9-487] As shown in [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}, ALS exhibited a promoting effect on the phosphorylation of AMPK at Thr172 in both cell lines. In comparison to controls, treatment of AGS cells with 5 μM ALS resulted in a 1.9-fold increase in the ratio of p-AMPK/AMPK (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Similarly, treating NCI-N78 cells with ALS at 1 μM and 5 μM for 24 hours led to 2.6-fold and 5.1-fold increases, respectively, in the ratio of p-AMPK/AMPK (*P*\<0.05 or *P*\<0.01; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}).

p38 MAPK regulates cellular responses to cytokines and stress, and thus controls cell differentiation, cell death, cell migration, and invasion.[@b32-dddt-9-487] p38 MAPK plays a dual role as a regulator of cell death, in that it can mediate either cell survival or cell death depending on the type of stimulus and in a cell-type--specific manner.[@b33-dddt-9-487] In contrast to the promoting effects on AMPK phosphorylation at Thr172 by ALS exposure, we observed an inhibitory effect of ALS on the activation of p38 MAPK at Thr180/Tyr182 in both AGS and NCI-N78 cells ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Incubation of AGS cells with ALS at 5 μM resulted in a 38% decrease in the ratio of p-p38 MAPK/p38 MAPK (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). In comparison to the control cells, the ratio of p-p38 MAPK/p38 MAPK was decreased 42% when NCI-N78 cells were treated with ALS at 1 μM (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). These findings demonstrate that ALS inhibits the phosphorylation of PI3K Tyr199 and p38 MAPK Thr180/Tyr182 but enhances the phosphorylation of AMPK Thr172 in AGS and NCI-N78 cells, contributing to its gastric cancer cell-killing effect.

Finally, we evaluated the effect of ALS on the expression levels of beclin 1 and LC3-I/II. Autophagy is tightly regulated by beclin 1, which forms a complex with vacuolar sorting protein 34 (also called class III PI3K), and serves as a platform for recruitment of other Atgs that are critical for autophagosome formation.[@b34-dddt-9-487],[@b35-dddt-9-487] Upon autophagy initiation, LC3 is cleaved at the C-terminus by Atg4 to form the cytosolic LC3-I,[@b36-dddt-9-487] and LC3-I is consequently proteolytically cleaved and lipidated by Atg3 and Atg7 to form LC3-II, which localizes to the autophagosome membrane. Treatment of AGS and NCI-N78 cells with ALS for 24 hours significantly increased the expression of beclin 1 ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). There was a 1.3-fold increase in the expression of beclin 1 in NCI-N78 cells treated with 5 μM ALS for 24 hours (*P*\<0.05; [Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Our Western blot analysis found two clear bands of LC3-I and LC3-II in AGS and NCI-N78 cells ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). After 24-hour treatment with ALS, there was an increase in the expression of LC3-II in both AGS and NCI-N78 cells ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). In comparison to the control cells, 1 μM and 5 μM ALS treatment resulted in a 2-fold increase in the expression level of LC3-II in AGS cells, and there was a 2-fold increase in the expression level of LC3-II in NCI-N78 cells when treated with ALS at 1 μM for 24 hours ([Figure 10A and B](#f10-dddt-9-487){ref-type="fig"}). Taken together, these results suggest that ALS exhibits a strong autophagy-inducing effect on AGS and NCI-N78 cells via modulation of PI3K/Akt/mTOR, AMPK, and p38 MAPK-mediated signaling pathways.

SB202190 and WM enhance ALS-induced autophagy in AGS and NCI-N78 cells
----------------------------------------------------------------------

Since, we observed that ALS induces significant autophagy in both AGS and NCI-N78 cells involving the PI3K/Akt/mTOR pathway, we used SB202190 and WM to further evaluate the possible mechanisms for the autophagy-inducing effect of ALS. SB202190 is a selective p38 MAPK inhibitor that can induce autophagic vacuole formation through cross-inhibition of the PI3K/mTOR pathway.[@b37-dddt-9-487] WM is a well-known PI3K inhibitor. In both AGS and NCI-N78 cells, coincubation of SB202190 or WM at 10 μM significantly enhanced ALS-induced autophagy compared to the control cells receiving ALS alone ([Figure 11A and B](#f11-dddt-9-487){ref-type="fig"}). In AGS cells, SB202190 and WM at 10 μM significantly increased ALS-induced autophagy 37.5% and 22.5%, respectively, compared to the control cells receiving ALS alone ([Figure 11A and B](#f11-dddt-9-487){ref-type="fig"}). Similarly, in NCI-N78 cells, both SB202190 and WM at 10 μM significantly increased ALS-induced autophagy 22.2% and 10.6%, respectively, compared to the control cells receiving ALS alone ([Figure 11A and B](#f11-dddt-9-487){ref-type="fig"}). The results show that ALS induces autophagic cell death via PI3K-mediated and p38 MAPK-mediated signaling pathways.

Discussion
==========

Gastric cancer is one of the most common cancers and it responds poorly to current chemotherapy, with unfavorable clinical outcomes.[@b38-dddt-9-487] Despite novel therapeutic advancements, improvement in the survival rate of patients with gastric cancer is marginal, which suggests the presence of unique, active, intrinsic mechanisms that render resistance to current chemotherapy in gastric cancer.[@b39-dddt-9-487],[@b40-dddt-9-487] AURKA has a strong association with cancer initiation, development, and progression.[@b41-dddt-9-487] It has been reported that abnormalities in the expression and activity of AURKA have been implicated in the pathogenesis of cancer.[@b41-dddt-9-487] Accumulating evidence suggests that overexpression of AURKA induces chemotherapeutic resistance and regulates several key signaling pathways associated with cell proliferation, cell survival, cell migration and invasion, and cell death in various types of cancer cells.[@b9-dddt-9-487] Targeting AURKA has been proposed to be a promising therapeutic strategy for cancer treatment, and a number of Aurora kinase inhibitors that have been developed.[@b42-dddt-9-487]--[@b44-dddt-9-487] ALS is an investigational small-molecule inhibitor that selectively inhibits AURKA. It can induce cell-cycle arrest, polyploidy, and mitotic catastrophe in various types of tumor cells and can induce tumor regression in vivo.[@b8-dddt-9-487],[@b45-dddt-9-487],[@b46-dddt-9-487] In our benchmarking study, we have observed a potent inhibitory effect of ALS on cell proliferation of AGS and NCI-N78 cells. ALS induces gastric cancer cell arrest in G~2~/M phase and promotes mitochondria-dependent apoptosis and autophagy with the involvement of PI3K/Akt/mTOR, p38 MAPK, and AMPK-mediated signaling pathways.

During a normal cell cycle, the progression of cells in G~2~ phase to M phase is triggered by the activation of the cyclin-B1--dependent CDC2 kinase,[@b47-dddt-9-487] which is regulated by a series of phosphorylation and dephosphorylation events and protein--protein interactions involving a network of signaling pathways.[@b48-dddt-9-487] In general, a cell with suppressed cyclin B1/CDC2 activity would tend to be arrested in the G~2~/M phase, whereas a cell with elevated cyclin B1/CDC2 activity would be favored to enter mitosis.[@b49-dddt-9-487] In the present study, we found that ALS concentration-dependently arrested AGS and NCI-N78 cells in G~2~/M phase. It has been reported that AURKA regulates G~2~ phase to M phase transitions and its inhibition results in G~2~/M-phase arrest.[@b50-dddt-9-487] Our results show that treatment of gastric cancer cells with the AURKA inhibitor ALS is able to inhibit cell proliferation and arrest cell cycle in G~2~/M phase.

CDC2 and cyclin B1 are two key regulators in cell-cycle checkpoints, and the CDC2--cyclin B1 complex is pivotal in regulating the G~2~/M-phase transition and mitosis. We have observed a significant decrease in the expression levels of cyclin B1 and CDC2 in AGS and NCI-N78 cells when treated with ALS, which provides an explanation for the inducing effect of ALS on G~2~/M-phase arrest in both gastric cancer cell lines. Furthermore, it has been reported that p21 Waf1/Cip1, a cyclin-dependent kinase inhibitor regulated by p53, has a negative modulating effect on the CDK1/CDC2--cyclin B1 complex, thereby inducing cell-cycle arrest. We have observed that the expression of p53, p27 Kip1 and p21 Waf1/Cip1 were increased in AGS and NCI-N78 cells treated with ALS, which probably contributes to the inhibitory effect of ALS on the cell proliferation and the inducing effect on cell-cycle arrest. The results indicate that upregulation of p53, p21 Waf1/Cip1, and p27 Kip1 expression by ALS may result in the G~2~/M-phase arrest in AGS and NCI-N78 cells.

Notably, AURKA has a strong capability of regulating a number of important functional proteins and their associated signaling pathways that regulate cell cycle, cell survival, and cell death in gastric cancer, such as p53,[@b51-dddt-9-487],[@b52-dddt-9-487] nuclear factor-κB,[@b53-dddt-9-487] and signal transducer and activator of transcription 3 (STAT3).[@b54-dddt-9-487] Sehdev et al[@b52-dddt-9-487] showed that AURKA promoted gastric tumor growth and cell survival via the regulation of human double-minute-2--induced ubiquitination and inhibition of p53. It also has been reported that overexpression of AURKA promotes inflammation and tumorigenesis in mice via upregulation of the nuclear factor-κB signaling pathway.[@b53-dddt-9-487] In addition, it has been showed that AURKA increases STAT3 activity through modulation of the expression and phosphorylation levels of STAT3 upstream of nonreceptor tyrosine kinase Janus kinase 2 in gastric cancer cells.[@b54-dddt-9-487] In the present study, treatment of AGS and NCI-N78 cells with ALS resulted in a significant decrease in the ratio of p-AURKA/AURKA, suggesting that the inhibition of phosphorylation of AURKA contributes, at least in part, to the inhibitory effect of ALS on cell proliferation and the inducing effect on cell-cycle arrest, with the involvement of p53 in AGS and NCI-N78 cells.

Recently, increasing evidence supports the notion that programmed cell death, which includes modulation of apoptosis and autophagy, is a promising strategy to fight against cancer.[@b55-dddt-9-487]--[@b57-dddt-9-487] Apoptosis is executed by members of the caspase family of cysteine proteases. There are two main pathways, namely the extrinsic death receptor pathway and the intrinsic mitochondria/cytochrome-c--mediated pathway.[@b24-dddt-9-487],[@b58-dddt-9-487] In the present study, our findings have shown that treatment of ALS significantly induces apoptotic cell death in AGS and NCI-N78 cells. It is well known that mitochondrial disruption and the subsequent release of cytochrome c trigger the process of apoptosis,[@b24-dddt-9-487] with proapoptotic members of the Bcl-2 family being promoted and antiapoptotic members of this family being antagonized. Furthermore, antiapoptotic members of Bcl-2 can be inhibited by posttranslational modification and/or increased expression of PUMA, which is an essential regulator of p53-mediated cell apoptosis.[@b24-dddt-9-487] We have found that the cytosolic level of cytochrome c is significantly increased after ALS treatment, which subsequently activates caspase 9. Activated caspase 9 in turn activates caspase 3, and activated caspase 3 ultimately induces apoptosis with a decrease in Bcl-2 levels. Moreover, we noted a concentration-dependent increase in the expression of PUMA in AGS and NCI-N78 cells. These results indicate that ALS induces mitochondria-dependent apoptosis in both AGS and NCI-N78 cells.

Autophagy is also known as a type II programed cell death. Targeting autophagy for cancer treatment is promising but controversial, due to its multifaceted roles in the regulation of cell survival and cell death.[@b56-dddt-9-487] Under certain circumstances, autophagy has been known to promote cellular survival during nutrient depletion and is essential for maintaining cellular hemostasis by degrading damaged organelles and proteins.[@b25-dddt-9-487],[@b26-dddt-9-487],[@b59-dddt-9-487] The PI3K/Akt/mTOR signaling pathway is a central pathway involved in autophagy through the regulation of cell growth, motility, protein synthesis, cell metabolism, cell survival, and cell death in response to various stimuli.[@b24-dddt-9-487],[@b58-dddt-9-487],[@b60-dddt-9-487] PI3K activates the serine/threonine kinase Akt, which in turn through a cascade of regulators results in the phosphorylation and activation of the serine/threonine kinase mTOR.[@b60-dddt-9-487] In this study, ALS induced autophagy in both AGS and NCI-N78 cell lines, which may contribute to its anticancer effect. ALS treatment resulted in a significant inhibition of PI3K/Akt/mTOR signaling, contributing to the autophagy-inducing effect of ALS in AGS and NCI-N78 cells. Of note, it has been reported that AURKA promotes cancer cell survival through the activation of Akt.[@b61-dddt-9-487],[@b62-dddt-9-487] Thus, inhibition of AURKA may result in cancer cell death via inactivation of Akt. Our findings showed that ALS treatment inhibited the phosphorylation of AURKA, which may contribute, at least in part, to the inactivation of Akt in AGS and NCI-N78 cells.

In addition, there was a significant activation of AMPK with ALS treatment in the present study. AMPK is an important regulator of cell death under various conditions through activation of c-Jun N-terminal kinase and p53 and inhibition of mTOR.[@b26-dddt-9-487] Thus, activation of AMPK may contribute to the inhibitory effect of ALS on the mTOR signaling pathway. Furthermore, our findings showed that ALS significantly suppressed the phosphorylation of p38 MAPK. SB202190, a p38/MAPK inhibitor, remarkably increased autophagic cell death in both cell lines. It has been reported that p38 MAPK is responsive to a variety of stimuli, such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock, and regulates cell differentiation, apoptosis, and autophagy.[@b24-dddt-9-487],[@b26-dddt-9-487] Taken together, both AMPK and p38 MAPK play an important role in ALS-induced autophagy of gastric cancer cells. Notably, there are differential responses to ALS treatment with regard to the regulation of p38 MAPK in AGS and NCI-N78 cells. This may be due to the differences in the origin of cell lines, cytogenetics, and other related factors. For AGS cells, it is a hyperdiploid cell line and the percentage of polyploidy was 3.6%. The modal chromosome number was 49, occurring in 60% of AGS cells.[@b15-dddt-9-487] For NCI-N78 cells, it is a near diploid cell line and the double minutes were present in 64% of cells examined.[@b16-dddt-9-487]

In conclusion, ALS inhibited cell proliferation, induced cell-cycle arrest, activated the mitochondria-dependent apoptotic pathway, and promoted autophagy in human gastric cancer AGS and NCI-N78 cells. ALS-induced inhibition of PI3K/Akt/mTOR and p38 MAPK pathways and activation of AMPK contribute to the autophagy-inducing effect of ALS. Inhibition of AURKA may play an important role in the gastric cancer cell-killing effect of ALS. In the future, more functional and mechanistic studies are warranted to elucidate the role of ALS in the treatment of gastric cancer.
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![Chemical structure and cytotoxicity of ALS.\
**Notes:** (**A**) The chemical structure of ALS. (**B**) Cytotoxicity of ALS towards AGS cells determined by MTT assay. (**C**) Cytotoxicity of ALS towards NCI-N78 cells determined by MTT assay. Data are the mean ± SD of three independent experiments.\
**Abbreviations:** ALS, alisertib; MTT, thiazolyl blue tetrazolium bromide; SD, standard deviation.](dddt-9-487Fig1){#f1-dddt-9-487}

![ALS inhibits the phosphorylation of AURKA in AGS and NCI-N78 cells.\
**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and protein samples were subject to Western blot assays. (**A**) Representative blots of phosphorylation and total AURKA measured by Western blot assay. (**B**) Bar graphs show the expression level phosphorylation and total AURKA measured by Western blot assay; β-actin was used as the internal control. Data are the mean ± SD of three independent experiments. \**P*\<0.05 and \*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** ALS, alisertib; AURKA, Aurora kinase A; SD, standard deviation.](dddt-9-487Fig2){#f2-dddt-9-487}

![Effects of ALS treatment on cell-cycle distribution of AGS and NCI-N78 cells.\
**Notes:** Cells were treated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and then subject to flow cytometric analysis. (**A**) Flow cytometric plots of cell-cycle distribution of AGS and NCI-N78 cells. (**B**) Bar graphs show the percentage of AGS and NCI-N78 cells in G~1~, S, and G~2~/M phases. Data are the mean ± SD of three independent experiments.\
**Abbreviations:** An1, aneuploidy; ALS, alisertib; Dip, diploid; SD, standard deviation.](dddt-9-487Fig3){#f3-dddt-9-487}

![Effects of ALS treatment hours on cell-cycle distribution of AGS and NCI-N78 cells.\
**Notes:** Cells were treated with 1 μM ALS for 4 hours, 8 hours, 12 hours, 24 hours, 48 hours, and 72 hours and then subjected to flow cytometric analysis. (**A**) Flow cytometric plots of cell-cycle distribution of AGS and NCI-N78 cells. (**B**) Bar graphs show the percentage of AGS and NCI-N78 cells in G~1~, S, and G~2~/M phases. Data are the mean ± SD of three independent experiments.\
**Abbreviations:** ALS, alisertib; Dip, diploid; SD, standard deviation.](dddt-9-487Fig4){#f4-dddt-9-487}

###### 

ALS inhibits the proliferation and of AGS and NCI-N78 cells and induces G~2~/M arrest in both cell lines via regulation of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, p27 Kip1, and p53.

**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1.0 μM, and 5.0 μM for 24 hours and protein sample were subject to Western blot assays. (**A**) Representative blots of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, p27 Kip1, and p53 measured by Western blot assay; β-actin was used as the internal control. (**B**) Bar graphs show the expression levels of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, p27 Kip1, and p53. Data are the mean ± SD of three independent experiments. \**P*\<0.05 and \*\**P*\<0.01 by one-way analysis of variance.

**Abbreviations:** ALS, alisertib; CDC, cell division cycle protein 2 homologue; CDK, cyclin-dependent kinase; SD, standard deviation.
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![ALS induces apoptotic cell death in AGS and NCI-N78 cells.\
**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and then subjected to flow cytometric analysis. (**A**) Flow cytometric plots and percentage of specific cell populations (live, early apoptosis, and late apoptosis) in AGS and NCI-N78 cells. (**B**) Bar graphs show the percentage of apoptotic AGS and NCI-N78 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** ALS, alisertib; Q1, dead cells; SD, standard deviation.](dddt-9-487Fig6){#f6-dddt-9-487}

###### 

ALS modulates the expression levels of critical proapoptotic and antiapoptotic proteins in AGS and NCI-N78 cells.

**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and the proteins samples were subjected to Western blot assay. (**A**) Representative blots of Bcl-xl, Bcl-2, Bax, PUMA, cytochrome c, cleaved caspase 9, and cleaved caspase 3 in AGS and NCI-N78 cells determined using Western blot assays. (**B**) Bar graphs show the expression level of Bcl-xl, Bcl-2, Bax, PUMA, cytochrome c, cleaved caspase 9, and cleaved caspase 3 in AGS and NCI-N78 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way analysis of variance.

**Abbreviations:** ALS, alisertib; Bax, Bcl-2-like protein 4/Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Bcl-xl, B-cell lymphoma-extra-large; PUMA, p53 upregulated modulator of apoptosis; SD, standard deviation.
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![ALS induces autophagy in AGS and NCI-N78 cells determined by flow cytometry.\
**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and the protein samples were subjected to flow cytometric analysis. (**A**) Flow cytometric plots show autophagy of AGS and NCI-N78 cells. (**B**) Bar graphs showing the percentage of autophagic AGS and NCI-N78 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.05 and \*\**P*\<0.001 by one-way analysis.\
**Abbreviations:** ALS, alisertib; SD, standard deviation.](dddt-9-487Fig8){#f8-dddt-9-487}

![ALS induces autophagy in AGS and NCI-N78 cells determined by confocal microscopy.\
**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and then subjected to confocal microscopic examination. (**A**) Representative images show autophagy of AGS and NCI-N78 cells. (**B**) Bar graphs showing the percentage of autophagic AGS and NCI-N78 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.01 and \*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** ALS, alisertib; SD, standard deviation.](dddt-9-487Fig9){#f9-dddt-9-487}

###### 

ALS alters the expression levels of critical proautophagic and antiautophagic proteins in AGS and NCI-N78 cells.

**Notes:** AGS and NCI-N78 cells were incubated with ALS at 0.1 μM, 1 μM, and 5 μM for 24 hours and the protein samples were subjected to Western blot assay. (**A**) Representative blots of phosphorylation levels of PI3K, AMPK, p38 MAPK, Akt, and mTOR and the total levels of PI3K, AMPK, p38 MAPK, Akt, mTOR, PTEN, beclin 1, LC3-I, and LC3-II in NCI-N78 and AGS cells determined by Western blot assay. (**B**) Bar graphs show the ratios of p-PI3K/PI3K, p-AMPK/AMPK, p-p38 MAPK/p38 MAPK, p-Akt/Akt, and p-mTOR/mTOR and the expression levels of PTEN, beclin 1, and LC3-I and LC3-II in AGS and NCI-N78 cells. β-actin was used as the internal control. Data are the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way analysis of variance.

**Abbreviations:** Akt, protein kinase B; ALS, alisertib; AMPK, 5′-adenosine monophosphate-activated protein kinase; LC, light chain; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; PTEN, phosphatase and tensin homolog; SD, standard deviation.
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![ALS induces autophagy via PI3K-mediated and p38 MAPK-mediated signaling pathways in AGS and NCI-N78 cells.\
**Notes:** AGS and NCI-N78 cells were pretreated with SB202190 or wortmannin for 1 hour and then incubated for another 24 hours in the presence or absence of 1 μM ALS. (**A**) Representative images show autophagy of AGS and NCI-N78 cells. (**B**) Bar graphs show the percentage of autophagic AGS and NCI-N78 cells. Data are the mean ± SD of three independent experiments. \**P*\<0.01 and \*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** ALS, alisertib; SD, standard deviation.](dddt-9-487Fig11){#f11-dddt-9-487}
